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Abstract 
The presence of oscillating gas bubbles in a liquid generates attenuation, dispersion, and nonlinearity. We take advantage of these effects to set 
the theoretical basis for two new devices. An acoustic diode that blocks the propagation of ultrasonic waves in one direction and let them pass 
in the other direction is proposed. The system is based on two adjacent layers made up of two bubbly liquids of different bubble sizes. This 
acoustic diode is an alternative system to other devices previously proposed by other groups and that rely on periodical structures (sonic 
crystals, metal plates). An acoustic switch that allows the control (switch-on or switch-off) of the propagation of the main ultrasonic wave by 
means of a secondary ultrasonic field able to generate a cavitation field (at low or high ultrasonic frequency) is also presented. This system is 
an alternative to an acoustic switch set previously by our group. The theoretical design of both structures relies on experimental observations 
and numerical simulations. 
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1. Introduction 
An ultrasonic wave propagating in a liquid with oscillating bubbles exhibits effects such as attenuation and nonlinearity that 
depend on the ratio of the frequency of the wave to the resonance of the bubbles, because of the dispersive character of the 
medium (Vanhille and Campos-Pozuelo, 2010). These effects imply a complex behavior that depends on the frequency and the 
intensity of the wave.  
Recently, the concept, design, and modeling of devices that allow the unidirectional transmission of ultrasonic signals have 
been reported in the literature (Cressev, 2010; Sun et al., 2012). Researchers claim that this kind of devices may be of interest in 
many applications for which the control of acoustic waves would be useful. They also compare these new acoustic devices to 
their equivalent systems in electronics.  
In this paper we take advantage of the physical effects due to the presence of oscillating bubbles in a liquid to set the 
theoretical basis for two new devices: an acoustic diode (Section 2) and an acoustic switch (Section 3). The theoretical design of 
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both structures relies on experimental observations and numerical simulations (Vanhille and Campos-Pozuelo, 2010; Campos-
Pozuelo and Vanhille, 2012; Vanhille and Campos-Pozuelo, 2012). 
The acoustic diode we propose is a device that blocks the propagation of ultrasonic waves in one direction and let them pass 
in the other direction. This device is an alternative system to other acoustics diodes previously proposed by other groups and that 
rely on periodical structures (sonic crystals, metal plates) (Cressev, 2010; Sun et al., 2012).  
The acoustic switch we present is a device that allows the control (switch-on or switch-off) of the propagation of a main 
ultrasonic wave by means of a secondary ultrasonic field. This system is an alternative to an acoustic switch set previously by our 
group (Vanhille and Campos-Pozuelo, 2014). 
2. Acoustic diode 
2.1.  Description 
The system is based on two adjacent layers made up by two bubbly liquids of different bubble sizes. Figure 1 shows the 
schematic representation of the device.  
In the negative direction the first bubbly liquid layer (BL1) filters the frequencies of the input signal because these frequencies 
are situated in the range of maximum attenuation of the bubbly medium. The bubbly liquid is a dispersive medium that has a 
large band of attenuation around the bubble resonance. The output signal is thus negligible.  
In the positive direction the first bubbly layer (BL2) creates higher frequencies (second harmonic) by nonlinearity and the 
initial input signal gives way to an ultrasonic signal that contains the input frequencies and their second harmonic components. 
The second bubbly layer (BL1) filters the input frequencies because they are situated in the range of maximum attenuation of 
BL1. However, the higher frequencies (second harmonic) are situated in a range of low attenuation of BL1, and BL1 lets them 
pass. Thus, the output signal is not null and propagates through the water.  
 
 
Fig. 1. Schematic representation of the acoustic diode. 
 
 
2.2. Results and discussion 
The simulations have been carried out by using the Snow-Bl numerical code. In BL1 the ratio of the central frequency of the 
input signal to the bubble resonance is 1 (maximum attenuation) and the ratio of the second harmonic to the bubble resonance is 
2 (low attenuation), whereas in BL2 the ratio of the central frequency of the input signal to the bubble resonance is 0.5 (high 
nonlinearity).  
Figure 2 shows the response of the device (ratio of output to input pressure amplitude) as a function of the amplitude at the 
source, in the negative and the positive directions. The performance of the diode depends on the pressure amplitude at the source.  
A non-invasive estimation of small distances inside the tissues is difficult to accomplish using the current technological state 
of the art. Using echography units for this purpose (i.e. from the information contained in the typical ultrasonic images) has 
important limitations because the related spatial resolutions normally are worse than 500 microns. Moreover, more than a 
hundred ultrasonic channels are typically involved in these units. Several studies based on processing the ultrasonic images using 
segmentation algorithms have shown to provide an improved spatial resolution but worse than 250 μm. These resolution levels 
are still not enough to allow the measurement of the arterial wall thickness with good precision for the arterial wall diagnosis. 
In addition to the above mentioned classical imaging techniques, other specific ultrasonic tools adapted to the estimation of 
the wall thickness in blood vessels were developed. These techniques increase the precision in the analysis of the echo signals 
coming from the arterial wall. Possible alternative high resolution techniques developed for other medical applications (e.g. 
detection of changes of thermal origin) are based in applying a direct processing of multi-pulse echoes. They analyze the 
ultrasonic waveforms in the time or frequency domain searching for changes in other tissue parameters (different from those 
classically employed in ultrasonics: density or acoustic impedance) which are more sensitive to the pathologic state of the tissue.  
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To achieve an increase in the spatial resolution as far as few microns for the arterial wall thickening evaluation, without 
excessive complexity/costs in transducers & technology, requires the generation of new specific techniques.  
Some recently developed spectral techniques for the precise measurement of changes in biological membranes thickness [10] are 
a possible low-cost option. These high-resolution techniques were preliminarily explored to make internal measurements related 
to some human diseases; they involve an unique ultrasonic channel and a single-element transducer. This option has proved to be 
an effective way to obtain hidden data in noisy echoes related to tissue structures, providing a tool of reduced complexity to 
estimate small changes on some physiological parameters. These changes are manifested by modifying the frequency peaks of 
the echo waveforms due to the interactions of the emitted ultrasonic pulse with the reflections from laminar tissue interfaces. In 
particular, variations, in amplitude and mainly in the frequency location of the spectral peaks, could be caused by variations in 
the state of the artery walls due to diseases like atherosclerosis or atheroma plaque formation. 
 
 
Fig. 2. Response of the acoustic diode vs. amplitude. 
 
3. Acoustic switch 
3.1. Description 
The system is based on a cavitation field created by the secondary ultrasonic field that filters the main ultrasonic signal by 
attenuation. Figure 3.a shows the cavitation field observed in two different experimental cases: at low (20 kHz) and high (1 
MHz) ultrasonic frequency. The high-density bubble structures (layer and cone-like structure in the first case, and bubble cloud 
in the second case) suggests their use as filtering systems for ultrasonic signals. Figure 3.b shows the schematic representation of 
the device by considering the secondary ultrasonic field working at the low ultrasonic frequency.  
When the secondary transducer (ST) is excited at high intensity, the bubbly-liquid structure is present by cavitation and the 
frequencies of the input signal generated by the main transducer (MT) that are situated in the range of maximum attenuation of 
the bubbly medium (around the bubble resonance) are filtered (Switch off). The output signal at the hydrophone (HP) is thus 
negligible.  
When the secondary transducer is off, no bubbles are created and the main wave can travel through the liquid (Switch on). 
Thus, the output signal is not null. The control of the main ultrasonic wave by the secondary ultrasonic field is then possible.  
 
 
 (a)  (b) 
 
Fig. 3. Cavitation field at low and high ultrasonic frequency (a). Schematic representation of the acoustic switch (b). 
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3.2. Results and discussion 
The simulations have been carried out by using the Snow-Bl numerical code. The low ultrasonic frequency cavitation field is 
reproduced for numerical purposes in Fig. 4, where bubble density is represented by colors. In the simulations, the ratio of the 
central frequency of the input signal to the bubble resonance is 1.  
In Fig. 4 is also shown the response of the device in off duty (transmission ratio) as a function of the bubble density in the 
bubble structure. The performance of the switch depends on the bubble density in the bubble structure.  
 
Fig. 4. Transmission ratio vs. bubble density. Acoustic switch off. Bubble structure used in the simulations. 
 
 
The devices presented in this paper set the basis for the design of efficient acoustic diodes and switches exclusively based on 
the physics of ultrasounds in bubbly liquids, including nonlinear properties and cavitation. They may be useful in several fields 
such as noise control, nondestructive testing, diagnostic or therapeutic medicine. The control of ultrasound waves may suggest 
the design of acoustic integrated circuits on a chip, acoustic logic operations, and other acoustic transistors.    
4. Conclusion 
Two new devices have been proposed by setting their theoretical basis. They rely on the attenuation, dispersion, and 
nonlinearity generated in a liquid in which a population of oscillating gas bubbles exist, and that affect the propagation of 
ultrasonic waves. The first device is an acoustic diode that blocks the propagation of ultrasonic waves in one direction and let 
them pass in the other direction. The second device switches, on or off, the propagation of ultrasonic waves by using a secondary 
ultrasonic field that generates a cavitation field. Their theoretical design is based on experimental observations and numerical 
simulations. 
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